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ABSTRACT 

Using one-center wave functions of Huzinaga for the hydrogen 
molecule together with the Born and Ochkur approximations, the 
excitation of the molecule form the ground state to the B and C 
electronic states by electron impact has been investigated. The 
shape of the curves for the differential cross section and for the 
oscillator strength is in accord with the experimental results of 
Geiger* The effect of exchange is to reduce the scattering cross 
sections. 
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1, INTRODUCTION 

Since the molecular potential is not spherically symmetrical, 
the theoretical investigation of the scattering of electrons by 
molecules is more difficult in comparision with similar investigations 
for atomic targets. Using Born approximation, Massey and Mohr 1 have 


evaluated cross sections for the excitation of the hydrogen molecule 
by electron impact from the ground state Xf ipe 'll) to the lowest 
stable excited state ZuV They employed two-center wave functions 

of Wang 2 and of Guillemin and Zener 3 for the ground state and for the 


excited state respectively.. Similar investigations were carried out 
by Roscoe 4 for the excitation of the molecule to ^ } £ (oyn ^"|Y U 

TD C3V>1T I IT ul ') and X ) states. For 

the excited states MacDonald^ 5 wave functions were used in which the 


inner electron is being referred to the two nuclei and the center of the 
molecule is the origin of the co-ordinates for the excited electron. 

Even with such simple wave functions approximations were used to 
evaluate the multi -center integrals. Recently Khare and Moi seiwitsch 6 » 7 
have employed two-center wave functions for the investigation of the 
elastic scattering of electrons by molecular hydrogen and the dissociation 
of the hydrogen molecule due to electron impact but there again to avoid 
lengthy computation the integrals were evaluated for large internuclear 
separation. However all such integrals can be easily evaluated if 
one-center wave functions are used for both the initial and final states 
of the molecule. With such a treatment the effect of exchange may also 
be included by the use of some simple exchange approximation like that 
proposed by Ochkur 6 . 
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Recently Geiger 9 has carried out experimental investigation on 
the excitation of hydrogen molecule by high energy (25 kev) electron 
impact. Because of low energy resolution, the differential cross 
sections and the generalised oscillator strengths are given as the 
sum for the excitation of the hydrogen molecule to the B and C states . 

The shape of the experimental curves shows a fair agreement with the 
theoretical results of Roscoe^ but at small angles of scattering the 
experimental values are 20 - 30 fo higher* It is of interest to examine 
the problem using one-center wave functions which allows all the integrals 
to be evaluated exactly and with little labor. 


II. THEORY 


According to the first Bom approximation the differential cross 

section for the electronic excitation cf the hydrogen molecule by an 

electron having k and k as the initial and final wave vectors is 
__o - n 

given by 10 (cf. Peek 11 ) 
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(i) 


where K_ is the change in the wave vector of the incident electron which 

lies after scattering between the solid angle CO and LO 4- d CO ^ 

R is the internuclear distance, & and ^ are the polar angles which fix 

the internuclear axis R with respect to K, .J\ (R) is the initial 

vibration wave function and 
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where and are the electronic wave functions of the initial and 

final states of the molecule respectively and the position vectors 

*T| and ^ of the molecular electron being referred to the center of 

the molecule. In deriving (l) it has been assumed that k R and K do not 

depend upon the final rotational and vibrational states which remain^? 

unresolved. Further we assume that the electronic wave functions vary 

slowly with the internuclear distance R and l^crol* has^ strong 

maximum at the equilibrium internuclear distance R of the. ground 

o 

state. Hence (l) reduces to 


= 


where 


- ^ letups 
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To include exchange we employ Ochkur approximation according to 
which if f is the direct scattering amplitude for an electron scattered 
by the hydrogen molecule, the exchange scattering amplitude g is given by 




( 5 ) 
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Since the ground state of the hydrogen molecule consists of two 
electrons bound in a singlet spin state, the differential cross 
section including exchange is given by 





( 6 ) 


Changing the variable of integration from to K we obtain total 
excitation cross section 



where 


and 


Kmax = k + k 
o n 


Kmin = k - k 
o n 



(8) 


If the energy of the incident electron is high (25 kev in the 
experimental investigation of Geiger 9 ), k^ will be very close to k^ 
and t±ie effect of exchange will be negligible. Under such conditions 
the differential cross section reduces to 






( 9 ) 
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which is independent of and k^. The generalised oscillator 
strength F^(k) niay expressed in terms of differential cross 
section by the following relation (cf. Mott and Massey 12 ) 

F, («■) = ( b» - 1 &)y? 3^ Ort • (10) 


F (k) reduces to oscillator strength for K equal to zero, 
n 

In the present investigation we take Huzinaga* s 1 3 one-center 
wave functions given by 

= ^ [<£<■*) + Ct cr ° 1^] 
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4^ (rl = ^ 
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H ^ , x 'j 
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V'*' Vfc 
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( 13 ) 


J Ca^oT 

and Ye* are the normalised spherical harmonics. The electronic wave 
function of the C state takes into account the fact that the state is 
doubly degenerate. For R equal to 1.4> which is equilibrium inter- 
nuclear distance of the ground state, the values of the various 


parameters occuring in the above wave functions are as follows 


14 . 


C, = 0.99560365 
C 2 = - 0.09366858 
C J= 0.489949475 
£ = 0.524208 
> * 0.273048 
= 1.1 
-^2 = 4-3 


\ = 0.8 
2 = 1.6 
t> = 0.761157 
i?2, = 0.253422 
\> 3 = 0.110674 



(14) 


of = 1.1 

• p = 4.3 

As the values of and are not given by Huzinaga 1:5 at R =- 1.4» 

they have been determined variational ly . 

Employing (7) to ( 13 ) and carrying out the integration, we obtain 


iB 


expressions for the differential and the total cross sections and the 
generalised oscillator strength. As the final expressions are quite 
lengthly they need not be given here. However, it may be mentioned that 
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both for B and C states the differential cross section, which can be 
obtained analytically, falls as K for small K and as K for high 
K thus resembling the 1 p state of helium from which they derive. The 
high K behaviour of the present differential cross section for B state 
thus differs from that obtained by Roscoe 4 where the cross section 
falls as K' 12 . 

III. RESULTS AND DISCUSSIONS 

To have an idea of the usefulness of the present one-center wave 
functions we have shown in Table 1 the energy values, threshold excitation 
potentials, and diamagnetic susceptibility of the molecule at R = 1.4 as 
obtained by employing (ll) through (l4). A comparision of the present 
values with those obtained by more elaborate one-center 15 and two-center 16 
calculations and the experimental values 9 ’ 17 indicates satisfactory 
agreement and thus provides us some degree of confidence in the values 
of the scattering cross sections which are presented here. 

In Figure 1, we have shown the sum of the differential cross 
sections for B and C states as obtained from (9) along with the experi- 
mental values of Geiger 9 and the theoretical values of Roscoe^. The 
shape of the curve is in fair agreement with the experimental values 
although the absolute experimental values lie in between the two 
theoretical curves. Such agreement should be regarded as satisfactory, 
particularly in view of the fact that the absolute experimental values 
has been obtained by normalizing the experimental data for the elastic 
scattering of the electrons by the hydrogen molecule with the theoretical 
values of Roscoe 18 .* In Figure 1, for the sake of clarity, the differential 
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cross sections for the B and C states are not shown separately but 
they can be easily obtained from Figure 2 where the generalized 
oscillator strength is plotted as a function of ln(k 2 ). We have 
taken 12.6 ev to be excitation threshold potential for both B and C 
states as obtained by Geiger 9 . Taking excitation threshold potentials 
equal to those obtained from (ll) and (l2) does not change the results 
by any appreciable amount. From Figure 2, we notice that the oscillator 
strength for B and C states are 0.39 and 0.31 respectively. The value 
for the C state is in excellent agreement with the experimental value 
and lies in between the various theoretical values 19 , but the value for 
the B state is rather high as compared to the values obtained by other 
investigators, the reason for which remains obscure. 

From Figure 3 we notice that the effect of exchange is to reduce 
the total cross section throughout the energy range of the incident 
electron but the reduction is appreciable only near the threshold of 
excitation. It may be further noted that the present cross sections 
are higher than those estimated by Graggs and Massey 20 from the dif- 
ferential cross sections given by Roscoe 4 . 

Finally it may be mentioned that since satisfactory results have 
been obtained even with simple one-center wave functions as employed in 
the present investigation, such wave functions should find more place 
in the molecular scattering investigations ' . Work is in progress with 
one-center wave functions for the excitation of the ground state hydrogen 
molecule to triplet excited states by electron impact. 
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Figure 1. 


Figure 2. 


Figure 3* 
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FIGURE CAPTIONS 

Sum of the differential cross sections for the inelastic 
scattering of 2$ kev electrons which excite the ground 
state hydrogen molecule to B and C electronic states; 

A - present; B - Rescue 4 ; © - experimental points of 
Geiger 9 . 

Curves B and C give generalized oscillator strength for the 
excitation of the ground state hydrogen molecule by 
electron impact to the B and C electronic states respectively 
and S denotes their sum. For comparison, the experimental 
points © of Geiger 9 for the sura and the curves, marked with 
the suffix R, obtained from the results of Roscoe are also 
shown . 

Total cross sections for the excitation of the ground state 
hydrogen molecule to the B and C electronic states by 
electron impact: D - Born Approximation; E - Born - Ochkur 
Approximation; F - Bom cross section estimated by Craggs and 
Massey 20 from the differential cross sections of Roscoe 4 . 
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